Highlights d Many early larval neurons lack a branched neurite tree and synapses (SU neurons) d Axons of SU neurons form bundles associated with the fiber tracts of most lineages d SU neurons of lineages DM1-DM4 pioneer the neural architecture of the central complex d SU neurons differentiate into the pontine neurons of the adult central complex SUMMARY
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In Brief
Andrade et al. analyze the large set of developmentally arrested Drosophila larval brain neurons lacking a neurite tree and synapses (SU neurons) that form part of almost all larval brain lineages. SU neurons of lineages DM1-DM4 pioneer the architecture of the central complex, where they differentiate into the distinct class of pontine neurons.
INTRODUCTION
The central complex (CX) of the insect brain plays an important role in a variety of different behaviors, including the fine control of motor movement and spatial orientation [1] [2] [3] [4] [5] [6] [7] . The central complex is comprised of four major compartments: the ellipsoid body (EB), fan-shaped body (FB) with noduli (NO), and protocerebral bridge (PB) (Figure 1 ) [11] . Central complex circuitry is dominated by an orthogonal scaffold of transversally oriented (''tangential'') wide-field neurons and longitudinally oriented columnar small-field neurons. Tangential neurons provide input to the central complex from other brain areas. Best understood among these input neurons are the TL neurons in locust [12] and their Drosophila counterparts, the R neurons, that conduct retinotopically ordered visual information to the ellipsoid body [10, 13] . Columnar neurons, which interconnect the different central complex neuropils along the antero-posterior axis, are characterized by highly localized dendritic and axonal endings in narrow volumes (''columns'') of the respective compartments. Most classes of columnar neurons, within a given central complex neuropil, are confined to a single column (''unicolumnar neurons''; Figure 1 ). Projections are characterized by a strict homotopic order, whereby columns within the lateral half of the PB are connected to columns of the ipsilateral PB and EB and medial PB columns project to the contralateral fan-shaped body and EB (Figure 1 ). One class of columnar neurons, the so-called pontine neurons of the fan-shaped body [11] , behaves differently. Their projection is restricted to the fan-shaped body, interconnecting two fan-shaped body columns located on either side of the midline (Figure 1) .
Developmental studies provide a valuable approach to unravel the circuitry of the brain, including the central complex. A hallmark of the Drosophila brain is its composition of invariant neuronal and glial lineages, originating from stem cells (neuroblasts) that appear in the early embryo. Embryonic neuroblasts express specific combinations of regulatory genes, which are thought to provide each lineage with the information needed to shape the connectivity of its neurons [14] . As a result, lineages become structural modules: neurons of the same lineage generally project together in one or two fiber tracts and form synapses in specific, spatially restricted brain compartments. For example, the R neurons of the ellipsoid body are derived from one lineage, DALv2 (also called EBa1) [10, [15] [16] [17] [18] . The columnar neurons of the central complex are produced by four pairs of lineages located in the dorsomedial brain, called DM1/DPMm1, DM2/DPMpm1, DM3/DPMpm2, and DM4/CM4 (called DM1-DM4 henceforward) [17] [18] [19] . The spatial pattern of these lineages is reflected in the position at which their corresponding tracts enter and terminate within the central complex. In this manner, the four lineages subdivide the central complex neuropils into four evenly sized quadrants, as illustrated in Figure 1 .
The brains of Drosophila and other holometabolous insects arise in two distinct phases. During the first phase, neuroblasts of the embryo produce a relatively small set of primary neurons, which differentiate and form the larval brain. Most neuroblasts then enter a dormant phase that lasts toward the end of the first larval instar. Subsequently, they reactivate and produce secondary, adult-specific neurons. These cells form axon bundles that form a ''blueprint'' of the later connections established within the adult brain [18] . In general, primary and secondary neurons of a given lineage show fundamental structural similarities, whereby projections of secondary neurons follow those of earlier formed primary neurons [15] . Remarkably, the central complex, as defined anatomically for the adult, is the one major set of compartments of the fly brain that lacks a larval counterpart. Thus, the large majority of tangential and columnar neurons with their highly ordered connections outlined above are secondary neurons born in the larva [20] , even though the four DM lineages have been distinguished in the embryo [21] [22] [23] . This prompts the question of what guidance mechanisms control central complex connectivity and what part primary neurons play during this process.
Previous work [20] described for the late larval stage a set of embryonically born (i.e., primary) neurons belonging to the DM1-DM4 lineages. These neurons, visualized by the expression of R45F08-Gal4 [24] , form a commissural tract that becomes incorporated into the fan-shaped body. Along with the emerging tracts and filopodia extended by secondary neurons of DM1-DM4, the R45F08-Gal4-positive neurons form a ''fanshaped body primordium'' (prFB) [20, 25] . In the present paper, we undertook a detailed analysis of the structure, differentiative fate, and developmental role of the primary neurons that form the fan-shaped body primordium, using serial electron microscopy (EM) of the early larval brain in combination with confocal analysis of all stages covering early larva to adult. We show that the neurons of the fan-shaped body primordium, that we called fan-shaped body pioneers, form part of a much larger population of early larval brain neurons that are arrested in development, projecting a simple, thin, unbranched process lacking synapses into the neuropil. Virtually every brain lineage possesses a complement of the small undifferentiated (SU) neurons. SU neurons differentiate in the late larva and pupa and give rise to distinct adult neuron populations; fan-shaped body pioneers produce the pontine neurons of the fan-shaped body. Later born secondary neurons of the DM1-DM4 lineages, destined to form the various classes of unicolumnar neurons of the central complex, fasciculate with the fan-shaped body pioneers on their pathway toward and across the midline. However, selective ablation of fan-shaped body pioneers did not result in gross abnormalities of the trajectories of unicolumnar neurons, suggesting that the initial axonal pathfinding of the two systems of columnar neurons may be controlled independently.
Figure 1. Lineages DM1-DM4 Form Two Types of Columnar Neurons
The compartments of the central and lateral accessory complex are schematically shown in a dorsal view (EB, ellipsoid body; FB, fan-shaped body; LAL, lateral accessory lobe; NO, noduli; PB, protocerebral bridge). Four bilateral pairs of lineages, DM1-DM4, located in the posterior brain cortex (top), generate the columnar neurons whose axons (gray bars and lines oriented along the vertical axis; filled circles symbolize terminal arborizations) interconnect the compartments of the central complex in a strict topographical order. The location of DM1-DM4 cell bodies within the cortex is reflected in the position at which their corresponding tracts enter and terminate within the central complex (20) (21) (22) (23) , as indicated by the color code. DM1 axons (blue) enter through the medial segments of the PB (1-3, after [8] ), followed by DM2 (green, PB segments 4 to 5), DM3 (red, segments 6 to 7), and DM4 (yellow, segments 8 to 9). Each DM lineage generates multiple sublineages. These fall into two main types: unicolumnar neurons (light colors) and pontine neurons (saturated colors). Unicolumnar neurons (representing the large majority of DM neurons) interconnect compartments of the central complex along the anterior-posterior axis. They subdivide the PB, fan-shaped body, and EB into four quadrants, as indicated by the coloring. For example, DM4 interconnects the lateral quarter of the PB (segments 8 to 9) with the lateral half of the ipsilateral fanshaped body and the ventral half of the ipsilateral EB. This is followed by DM3, which projects from PB segments 6 to 7 to the medial half of the ipsilateral fanshaped body and dorsal half of the ipsilateral EB. DM2 and DM1 neurons interconnect the medial PB with the contralateral PB and fan-shaped body, respectively, as indicated. The projection pattern of one class of unicolumnar neurons, E-PG (nomenclature according to [9] ; ''1'' at top of figure), is shown representatively for lineage DM3; this neuron type is illustrated as a line drawing at the upper right of the figure (after [10] , with permission). The second main type of neurons generated from DM1-DM4 are the pontine neurons (''2,'' solid line). Axons of pontine neurons enter the central complex alongside the unicolumnar neurons but pass through the PB without branching (see line drawing at lower right of figure; after [10] , with permission). Projections of pontine neurons are confined to the fanshaped body, where they interconnect two columns along the transverse axis. The topology of this connectivity, as elaborated by Hanesch et al. [10] , is indicated by horizontal bars rendered in saturated colors.
RESULTS

Embryonically Born Neurons Arrested prior to Terminal Differentiation Prefigure Adult Axon Tracts
Four types of neuronal cell bodies can be distinguished ultrastructurally in the early larval brain. Most frequent are differentiated primary neurons, which measure 12-24 mm 2 in crosssectional area and have a relatively voluminous and electron light cytoplasm (Figures 2A and 2B ). Processes of primary neurons of one lineage collect into cohesive bundles, the primary axon tracts (PATs), before entering the neuropil [15, 25] ( Figure 2C ). Primary axon tracts continue for variable distances in the neuropil before splitting up into individual, branched axon trees forming synapses. The second type of cell body belongs to mitotically quiescent neuroblasts. Resembling differentiated neurons in size and shape, quiescent neuroblasts can be distinguished from these cells by an electron-dense cytoplasm and chromatin-rich nucleus (Figure 2A ). Aside from quiescent neuroblasts, the first instar brain contains five actively dividing neuroblasts, four of them associated with the mushroom body (not shown). Active (D and D') 3D digital model of part of one primary lineage (BAlc), illustrating structural aspects of SU neurons. BAlc includes local interneurons and projection neurons connecting the antennal lobe with higher brain centers [26] . Shown are one differentiated projection neuron (mPN iACT A1, white) and one differentiated local interneuron (broad D1: gray), whose dendritic arborizations outline the antennal lobe; the axon of the projection neuron follows the antennal lobe tract. Shown in yellow are the SU neurons that were identified for BAlc. They each form an unbranched axon that follows the axons of the differentiated neurons as they enter the antennal lobe neuropil (black arrow in D') and extends into the antennal lobe tract (gray arrow in D'), where they end approximately midway (white arrow in D). The model is presented in lateral view; anterior to the left, dorsal up. The mushroom body (MB) is outlined in gray for spatial reference. neuroblasts are much larger than quiescent ones and are located at the brain surface. Finally, aside from differentiated neurons and neuroblasts, we recognized a fourth type of cell body by its small size, scanty, electron dense cytoplasm, and heterochromatin-rich nucleus (Figures 2A and 2B ). These small neurons, measuring 4-16 mm 2 in cross-sectional area, extend fibers that are significantly thinner and more electron dense than the axons of differentiated neurons ( Figure 2C ) and which stay together as a tight bundle, without branching or forming synaptic contacts, as shown for lineage BAlc in Figures 2D and 2D'. Dense axons end abruptly with club-shaped endings, often producing short filopodia ( Figures 2E and 2F ). We interpret the small, heterochromatin-rich neurons as late-born neurons, which fail to differentiate in the embryo, and therefore call them SU neurons in the following.
SU neurons are found scattered throughout the brain (Figures 3A-3C) and amount to a number of 802, which corresponds to more than 25% of the overall number of primary neurons (Data S1A; Table S1 ; related to Figure 3 ). Axons of SU neurons are grouped into tight bundles, each bundle surrounded by the thicker and less electron-dense axons of differentiated neurons ( Figure 2C ). Based on their characteristic position and trajectory, we could identify these bundles with the lineage-associated primary axon tracts (PATs) defined for the L1 brain in a previous paper [25] on the basis of confocal microscopic analysis. Once digitally reconstructed and displayed in the 3D viewer, fiber bundles of SU neurons ( Figures 3H and 3I ) can be compared with those in the light microscopic L1 brain map (Figures 3D-3G) and thus identified as belonging to specific lineages or pairs and/or small sets of lineages. The L1 lineage map features more than 60 (excluding the subesophageal zone and ventral nerve cord) discrete PAT fiber bundles. All of the light microscopically identified fiber bundles, with the possible exception of that of DPLpv, could be identified in the serial EM stack (Data S1A; related to Figure 3 ). Note, as examples shown in Figures 3F-3I, the characteristic entry points and trajectories of a set of anterior lineages (BAla1/2, BAla3/4, BAlc, BAmd1, BAmv1/2, DALcl1/2, and DALcm1/2) and posterior lineages (CP1, CP2/3, BLVp2, and DM1-DM4) visible in confocal images and the EM stack. The neuropil entry points and trajectories of SU neuronal tracts provide useful landmarks for the ongoing analyses of the L1 brain circuitry using the CATMAID L1 serial transmission electron microscopy (TEM) dataset; both sets of data are presented graphically and numerically in Table S1 (related to Figure 3 ) and Figures S1, S2, S3, S4, and S5 (related to Figure 3 ).
Comparison between left and right brain hemisphere showed that the exact number of SU neurons accompanying lineages is relatively invariant (Data S1A; related to Figure 3 ). Most lineages are made up of 60%-80% differentiated neuron and 20%-40% SU neurons (Data S1A; related to Figure 3 ). However, some lineages, notably those in the dorsal and dorso-medial brain, possess more than 50% of SU neurons (Data S1A; related to Figure 3) . In terms of overall cable length, SU neurons amount to only a small fraction of the length of differentiated, which is the result of the absence of any branches in the former (Data S1B; related to Figure 3 ). Likewise, SU neurons possess no output synapses and only very rarely input synapses (Data S1B; related to Figure 3 ).
Given our assumption that SU neurons are born late, one might surmise that they occupy a superficial position in the cortex. Thus, in the embryo, the apical (superficial) versus basal (deep) location of a neuron reflects its birthdate, because proliferating neuroblasts are always located at the surface. However, neuronal cell bodies reshuffle during the pronounced thinning of the cortex that occurs during the embryo-larva transition [22] , and the original position of a neuron is lost. This explains why measurements of the distance between cell body and neuropil surface for SU neurons, compared to differentiated neurons, for 10 representative lineages yielded no significant difference in apical versus basal position of SU neurons versus differentiated neurons (data not shown). Table S1 for more detailed information of entry points. See also Data S1. Scale bars, 20 mm. (legend continued on next page) SU Neurons of the Four Lineages, DM1-DM4, Form a Glia-Ensheathed, Fan-Shaped Body Primordium in the First Instar Larva In the dorso-medial domain of the brain, which houses all lineages later giving rise to the columnar neurons of the central complex (DM1-DM4), SU neurons form large clusters of cells (Figure 4A ). Based on axonal trajectory, we were able to recognize the individual DM lineages and their associated SU neurons. DM1-DM4 are aligned along the brain midline, with DM1 occupying the most anterior and DM4 the most posterior position ( Figures 4B and 4C ). For each of the DM lineages, SU neurons form several subpopulations with axons following different pathways ( Figure 4D ). One subpopulation per DM lineage projects axons that converge on a shared commissural bundle that crosses the brain midline in the center of the supraesophageal commissure, as shown in Figure 4B . This bundle stands out from surrounding tracts by its higher electron density, being composed almost entirely of thin SU axons ( Figure 4D ); furthermore, two paired glial cells ensheath the bundle on all sides (Figures 4D , 4G, and 4H). In late larvae, the pointed insertion R45F08-Gal4 is expressed in small subpopulations of neurons of DM lineages whose axons form a glia-covered commissural structure that will enlarge into the fan-shaped body and was therefore called fan-shaped body primordium ( Figure 4F ) [28] . In first instar larvae, R45F08-Gal4 highlights four paired clusters of neurons in the dorso-medial brain whose axons form a thin tract that, in regard to size, central location within the brain commissure, and glial enclosure, corresponds to the structure identified electron microscopically ( Figure 4E ). We conclude that the fan-shaped body primordium is formed in the embryo by four paired sets of SU neurons of lineages DM1-DM4, which we will call fan-shaped body pioneers in the following.
Fan-Shaped Body Pioneers Are Topologically Ordered and Give Rise to the Pontine Neurons of the Fan-Shaped Body Fan-shaped body pioneers exhibit a strict topological order with regard to the position and average length of axons ( Figures 4G-4I ). The DM1 bundle enters anteriorly and dorsally and remains at the dorsal edge of the fan-shaped body primordium, followed by DM2, DM3, and DM4, which are located most ventrally (Figure 4I ). DM4 axons are the shortest, most of them ending before reaching the midline (Figures 4H and 4I ). Axons of DM1-DM3 cross the midline but extend across for various distances, in correlation to their lineage identity: DM1 axons cross furthest, followed by DM2 and DM3 ( Figures 4H and 4I ). Using the R45F08-Gal4 driver, we followed the fan-shaped body primordium neurons through larval and pupal development into the adult and generated single-cell multicolor flip-out (MCFO) clones to visualize their morphology as differentiated cells. All neurons forming the early larval fan-shaped body primordium give rise to pontine neurons, recognizable by their regular bi-columnar organization within the fan-shaped body ( Figures 4J-4M Figure 4O ; from [11] ). Neurons of DM1 (blue in Figure 4O ), as well as DM2 and DM3 (D) Electron micrograph of brain midline, showing supraesophageal commissure. The fan-shaped body primordium appears as a bundle of electron-dense axons embedded in fascicles of lighter axons belonging to differentiated neurons (shaded blue). Glial lamella (shaded green) flanks the fan-shaped body primordium. Note conspicuous, medially located nucleus of glial cell (right) adjacent to the fan-shaped body primordium. (E and F) Z projections of confocal sections of first instar brain (E) and late third instar brain (F). Glial nuclei are labeled by anti-Repo (blue); glia surrounding supraesophageal commissure (interhemispheric ring glia) is labeled by Drl-lacZ (white); neurons of fan-shaped body primordium are marked by driver line R45F08-Gal4 > UAS-mcd8GFP (green). Interhemispheric ring glia forms several channels containing individual commissural fascicles. One channel contains the R45F08-Gal4-positive axon bundle constituting the fan-shaped body primordium (orange arrowheads in E and F). This channel widens as fan-shaped body primordium gains in volume toward late larval stages (F, arrowheads). Note pair of large glial nuclei (arrows) located near the midline, posteriorly adjacent to the fan-shaped body primordium. These cells correspond in shape, size, and position to the fan-shaped body primordium-associated glial cells that appear in electron micrographs (see D and G). Figure 4E ). Visible in the magnification of small parts of brain neutrophil (B and B') and cortex (C and C''). The outgrowing secondary axons tracts (SATs) of DM1-DM4 (magenta in B) that fasciculate with fan-shaped body pioneers (green in B). At this stage, R45F08-Gal4 expression is still confined to neurotactin-negative primary fan-shaped body pioneers (C and C'). (D) Average numbers and SDs of R45F08-Gal4-positive DM1-DM4 neurons between 24 and 96 hr after hatching (n = 5). Horizontal hatched lines give average for all four DM lineages. (E-G'') At 72 hr after hatching (early third instar), the fan-shaped body pioneer axons have split into several commissural bundles (arrow in E and G). Gaps between these bundles are filled with neurotactin-positive secondary fibers formed by lineages DM1-DM4 (G-G''). Numerous neurotactin-positive secondary neurons have joined the set of R45F08-Gal4-positive fan-shaped body pioneers (arrow in F and F').
(legend continued on next page) (green and magenta, respectively) have a similar structure, innervating staggered pairs of columns, with one column always ipsilaterally relative to the location of cell bodies and one contralaterally ( Figure 4O ). Note that this adult pattern corresponds to the length distribution of early larval SU axons of DM1-DM4: DM4 axons are shortest, barely reaching the midline, and DM1 axons are longest ( Figures 4N and 4O) .
Later Born Columnar Neurons of DM1-DM4 Follow the Trajectory Prefigured by the Fan-Shaped Body Pioneers R45F08-Gal4-positive axons of fan-shaped body pioneers can be followed throughout larval and pupal development into the adult stage. Until 48 hr after hatching, the fan-shaped body primordium formed by these axons remains as a single axon bundle located in the center of the brain commissure ( Figure 5A ). At this stage, the secondary phase of neuron production has commenced [30] . DM1-DM4 form secondary axon tracts, labeled by anti-neurotactin, that grow along the R45F08-Gal4positive (and neurotactin-negative) fan-shaped body pioneers ( Figures 5B, 5B ', 5C, and 5C').
At later larval stages, the number of neurons labeled by R45F08-Gal4 has increased over that counted for the early larva ( Figures 5D and 5E ), and many of these newly R45F08-expressing neurons form part of the neurotactin-positive clusters of secondary neurons ( Figures 5F-5G') . In addition, a notable change in the structure of the fan-shaped body primordium has taken place, whereby the initially coherent tract of primary fan-shaped body pioneers has split into several thinner bundles ( Figures 5G  and 5G'') . The spaces in between these are filled by the secondary, neurotactin-positive axons of DM1-DM4 ( Figure 5G') , which give rise to the unicolumnar neurons of the central complex. Several markers for the major classes of unicolumnar neurons exist, among them 9D11-Gal4 (an insertion in the earmuff gene) [20, 24] , 19G02 [24, 31] , and 83H12 [10, 24, 31] (this study). 19G02 is expressed in several classes of neurons connecting PB, dorsal fan-shaped body, and EB with the lateral accessory lobe (LAL) ( Figure S6B ; related to Figure 5 ); 83H12 is expressed in neurons connecting the PB, ventral fan-shaped body, EB, and the NO ( Figure S6C ; related to Figure 5 ). In conjunction with R45F08-Gal4, expressed in pontine neurons ( Figure S6A ; related to Figure 5 ), these markers allowed us to discern the distribution of pontine versus unicolumnar neurons in the fan-shaped body primordium of the late larva, as presented below.
In the late larva, the fan-shaped body primordium occupies a sizeable volume as a result of the ingrowth of secondary axons, in conjunction with the formation of tufts of filopodia that prefigure the neuropil of the fan-shaped body and noduli. Primary and secondary axon tracts of DM1-DM4 form a plexus of fiber bundles at the posterior surface of the fan-shaped body primordium (posterior plexus of the fan-shaped body [FBppl] in Figures  5H, 5J, and 5K ). Within this plexus, the R45F08-Gal4-positive pontine neuron precursors appear as thin axon bundles crossing the midline (Figures 5H and 5J) . Also, secondary tracts of uniglomerular neurons, including the 83H12-positive P-FN and P-EN neurons and 19G02-positive E-PG neurons, cross in the posterior plexus, forming a system of chiasms that establish the characteristic, modular connectivity of the fan-shaped body and ellipsoid body ( Figures 5N, 5P, 5Q, 5S, and 5T ). Tracts of DM1 and DM2 cross the midline to terminate in the lateral and medial half of the contralateral fan-shaped body primordium, respectively; those of DM3 and DM4 remain ipsilateral, targeting the medial and lateral half of the ipsilateral fan-shaped body primordium, respectively ( Figures 5Q and 5T ; see also [21] ).
In addition to the posterior plexus of axons, the late larval fanshaped body contains voluminous tufts of filopodia, visible by their high expression levels of DN-cadherin [20, 32, 33] . These tufts outline three bar-shaped neuropil domains ( Figures 5K-5M ). The domain located dorsally and posteriorly will give rise to the neuropil of the fan-shaped body proper (fan-shaped body primordium). Accordingly, filopodia of R45F08-Gal4-positive precursors of pontine neurons are restricted to this dorsal compartment ( Figures 5I and 5J) . Located further anteriorly and ventrally is the primordium of the posterior ellipsoid body (prEBp) (labeled by 19G02 in Figures 5O and 5P) ; the primordia of the noduli (prNO) form two ventrally directed appendages of the fan-shaped body primordium expressing 83H12 ( Figures  5L, 5R, and 5S) .
Ablation of the Fan-Shaped Body Pioneers
Given the early appearance of precursors of the pontine system, and its intimate spatial relationship with the subsequently generated unicolumnar neurons, we sought to establish the effect of ablating the former by using the R45F08-Gal4 construct to express UAS-hid;rpr in the fan-shaped body pioneers. After activation of the pro-apoptotic construct between 24 hr and 48 hr after hatching (inactivation of temperature-sensitive Gal80ts by shifting to 29 C), larvae showed a high rate of lethality, which is likely due to expression of R45F08-Gal4 in other tissues (V.H., unpublished data). No late pupa or adult flies survived under these circumstances, whereas non-temperature shifted controls were completely viable. This finding, in conjunction with previous results where the same upstream activating sequence (UAS)hid;rpr construct was effective in completely ablating muscle cells [28] , supported the conclusion that our experimental (H-L) At 96 hr after hatching (late third instar), secondary DM1-DM4 axons have increased in number and form a system of crossing bundles, the posterior plexus of the fan-shaped body (FBppl in H, J, and K). Both R45F08-Gal4-positive fan-shaped body pioneers and secondary axons display tufts of filopodia, which appear as DN-cadherin-positive domains (fan-shaped body primordium, prEBp, and prEBa in I-L). (M-P) Labeling of secondary E-PG neuron precursors (nomenclature after [9] ) by R19G02-Gal4 driver. All axons join the posterior plexus of the fan-shaped body (FBppl in N and P). Terminal filopodia of these neurons are found in ventral primordium of the fan-shaped body (prFB in M and O), primordium of the posterior ellipsoid body (prEBp in P), and primordium of the gall of the lateral accessory lobe (prLALgall in P; see also [29] ). (Q-T) R83H12-Gal4 is expressed in a different subset of secondary neuronal precursors, mainly PB-FN and P-EN (nomenclature after [9] ). Note in (Q) chiasmatic architecture of projection of labeled neurons toward the fan-shaped body, with all four bundles turning medially, but only DM1 and DM2 crossing toward contralaterally and DM3/4 remaining ipsilaterally. This chiasmatic projection is typical for all unicolumnar neurons, as demonstrated in (T) (12 hr after puparium formation), where anti-neurotactin (white) globally labels massive bundles of secondary axons of DM1-DM4. Terminal filopodia of R83H12-Gal4-positive columnar neurons are found in prEBp (R and S) and primordium of the noduli (prNO in R) Scale bars, 25 mm (for all panels except B-C' and F-G'') and 10 mm (for B-C' and F-G''). See also Figure S6. regimen efficiently killed the fan-shaped body pioneers. However, we cannot exclude that a small number of fan-shaped body pioneers might escape UAS-hid;rpr-induced apoptosis. The late larval fan-shaped body primordium of the surviving fan-shaped body-pioneer-ablated larvae showed a characteristic structural phenotype. All elements of the fan-shaped body primordium described in the previous section could still be recognized; however, the DN-cadherin-rich primordia of fanshaped body and posterior ellipsoid body and/or noduli were separated by a wider gap (arrowheads in Figures 6B, 6E , and 6E'), compared to control (Figures 6A and 6B ). In addition, the posterior plexus of the fan-shaped body, normally formed by a loose assembly of ''wavy,'' thin bundles ( Figures 6A and 6C) , appeared as thick, smooth cable of axons ( Figures 6D and 6F ). We conclude that fan-shaped body pioneers, possibly by establishing an early connection between the left and right half of the fanshaped body primordium through their crossing axons, play a structural role in pulling these halves together into a united structure (Figures 6I and 6J ). Aside from this function, there does not appear to be an effect on the formation and pathway choices of the later born secondary axons: these split into several subbundles and projected into the fan-shaped body primordium in a pattern that showed no gross abnormalities compared to the control (Figures 6G and 6H ). This result suggests that axonal pathfinding of the two main systems of small field neurons of the central complex, i.e., the unicolumnar and pontine neurons, may be controlled independently.
DISCUSSION
Primary Small Undifferentiated Neurons Form a Large Neuron Population of the Early Larval Brain
Our analysis demonstrates that a large fraction of the neurons of the early Drosophila larval brain does not elaborate a branched neurite arbor and synaptic connections. This finding came as a surprise; it had been well established that the large number of neurons produced during the secondary, larval phase of neurogenesis remain undifferentiated until the onset of metamorphosis, resembling in many ways the SU neurons described here [18, 34] , but the same was not assumed for so many of the embryonically generated primary neurons. Previous studies had shown that, in the thoracic ganglia, a subset of presumptive adult peptidergic neurons [27] and motor neurons [35] show a SU phenotype, extending a truncated axon into the peripheral nerve but failing to form synaptic connections to the musculature. These embryonically born neurons, which transiently express the transcription factor Broad-Z3, differentiate along with the larvally born motor neurons and form dendritic and axonal branches and synapses in the pupa. Due to their delayed differentiation, typical for secondary neurons, Zhou et al. [35] term these embryonically born thoracic SU neurons ''embryonically born secondary neurons.'' To avoid confusion, we will stick to the convention that defines all neurons born during the embryonic period as primary neurons and call them ''primary SU neurons.'' Drosophila SU neurons described in this paper exhibit structural characteristics that are similar to those described for neuronal precursors in the developing vertebrate brain. Thus, postmitotic neuronal precursors of the neocortex or hippocampus, while migrating along radial glia, are small, electron-dense cells with hetero-chromatin-rich nuclei and scant cytoplasm. Typically, they exhibit a bipolar shape, extending a leading and trailing process that is in contact with the radial glia [36] . The same phenotype is observed in neuronal precursors (''D cells'') that are generated in the subgranular zone of the hippocampus in adult mammals [8, 37] . As neurons mature, forming dendrites and axons, nuclear and cytoplasmic size increase and cells become transcriptionally more active, with a concurrent reduction in heterochromatin. Experimental studies have shown that a variety of signaling pathways and receptors for neurotrophic factors become activated by proteins forming part of the complex cell-cycle-controlling molecular machinery [29] . However, the specific mechanism that drives the transition from small, heterochromatin-rich neural precursor to differentiated neuron is little understood. In human and mouse, mutations in the MECP2 protein, which encodes a transcriptional repressor, are associated with a reduction or delay of neuronal maturation (Rett syn-drome) [38] . The gene network (of which MECP2 may form part) that accompanies neural precursor maturation has not been established. In Drosophila, this hypothetical mechanism has to be embedded into the ecdysone hormonal cycle, which has been shown to be expressed and required for different developmental changes that occur in the nervous system [39] [40] [41] [42] . SU neurons in the Drosophila larval brain may present a favorable paradigm to study the process of neuronal maturation downstream of the ecdysone cycle. SU neurons represent a major population at the early larval stage (primary SU neurons) and late larval stage (primary and secondary SU neurons) and can be labeled by specifically expressed factors (e.g., Broad-Z3), which should make them amenable to fluorescence-activated cell sorting (FACS) sorting and systematic gene expression screens.
SU Neurons and the Central Complex
Most neuropil compartments of the adult Drosophila brain have a corresponding larval counterpart [43, 44] ; outgrowing fibers of secondary neurons, which form much of the volume of the adult compartments, follow their primary siblings and establish dendritic and axonal branches around this primary scaffold. This principle does not apply to the secondary neurons forming the central complex, for which no anatomically defined larval counterpart exists. Small primordia of the different compartments of the central complex and associated structures (i.e., the bulb and anterior optic tubercle, which relay input to the central complex) [33] can be first detected at the late larval stage. These larval primordia of the central complex compartments are formed by the fiber bundles and associated filopodia of the secondary lineages, which will develop into the central complex of the adult brain. The minute early larval fan-shaped body primordium, formed by the fan-shaped body pioneers described in the present paper, represent an exceptional case. Thus, fan-shaped body pioneers are primary neurons whose axons extend during the late embryonic phase and gather into a tight commissural bundle located in the center of the crossing fiber masses that constitute the supraesophageal commissure of the early larval brain. Several aspects of the fan-shaped body primordium deserve special comment.
(1) From late embryonic stages onward, the fan-shaped body pioneer axons are enclosed by an exclusive glial layer formed by the so-called interhemispheric ring glia [45] . Processes of these glial cells assemble into an invariant pattern of sheaths around several individual commissural bundles [33] (this paper). The particular channel conducting the fan-shaped body primordium stands out by a pair of glial nuclei attached to its posterior-medial wall (Figure 4) ; we could unequivocally identify a pair of glial nuclei at that position in the serial EM stack (Figure 4 ). As the larva grows and secondary tracts of DM1-DM4 are added to the fan-shaped body pioneer bundle, the glial channel widens to eventually accommodate the entire fan-shaped body. Genetic studies indicate that interhemispheric glia does play a role in the morphogenesis of the fan-shaped body. Thus, genetic ablation of glia [46] , or loss of function of molecular factors expressed specifically in the interhemispheric ring [45] , result in defective shapes of the adult fan-shaped body and EB.
However, the pathways of DM1-DM4 lineages at the late larval stage did not display major defects. (2) Fan-shaped body pioneers differentiate into the pontine neurons of the adult central complex. Pontine neurons differ in their projection from all other columnar neurons, because they connect two columns on either side of the midline. For example, pontine neurons of the right hemispheric DM4 lineage connect the right lateral column of the fan-shaped body with its left medial column, thereby crossing the midline. In contrast, axons of other, unicolumnar neurons of the right DM4 remain ipsilaterally, connecting only to the right lateral column of the fan-shaped body (see Figure 1 ). The trajectories of the fan-shaped body pioneers perfectly reflect this pontine-typical behavior already in the early larva (see Figure 4 ). (3) Even though primary fan-shaped body pioneers and their secondary follower tracts are in close contact to each other throughout larval development, ablation of the former does not result in gross structural abnormalities of the latter. We observed a dramatic phenotype in the fan-shaped body primordium in the ablated animals; however, the characteristic trajectories and branching pattern of the neurotactin-positive secondary tracts of DM1-DM4 in the late larva appeared indistinguishable from the control. Filopodial tufts of secondary tracts in ablated specimens still assembled into regularly sized globular structures, representing the forerunners of fan-shaped body columns (see Figure 6B ). These findings imply that separate guidance systems act on the early born pontine neurons and later born unicolumnar neurons. We should point out that, following our experimental regimen, it is possible that a small number of fan-shaped body pioneers might have escaped UAS-hid;rpr-induced apoptosis, which might have been sufficient to play a role in the guidance of the following unicolumnar neurons. Aside from pioneering the fan-shaped body primordium, SU neurons form part of almost all lineages of the early larval brain, but we do not yet know what fate awaits these neurons; markers similar to the one provided by R45F08-Gal4 would be required to establish what type of adult neurons the different SU neurons give rise to. Of particular interest would be SU neurons of lineages that, like DM1-DM4, contribute to the adult central complex. In case of DALv2, which generates all of the R neurons of the EB, a single SU neuron exists in each hemisphere (see Table S1 ; related to Figure 3 ). This neuron projects a short axon along the primary tract but does not reach the EB primordium described for the late larval stage in previous works [33, 47] . Two other lineages, DALcl1 and DALcl2, form part of the anterior visual pathway, which provides input to the central complex [10] . Secondary neurons of DALcl1/2 innervate the anterior optic tubercle and the bulb of the adult brain. DALcl1/2 SU neurons extend relatively short axons that follow the differentiated DALcl1/2d neurons, cross the peduncle of the mushroom body, and terminate shortly thereafter. However, a spatially restricted territory that houses all DALcl1/2d SU terminations, and that might therefore be considered a forerunner of the bulb, does not exist in the early larva. In conclusion, the SU neurons of lineages DM1-DM4, described in this study, may represent a rare case where pri-mary neurons establish a blueprint for an adult-specific brain compartment.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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primary and secondary antibodies for 2 days each at 4 C while gently shaking on the nutator. Washes with 0.1% PBT were done when replacing primary with secondary antibody and before placing the samples in VectaShield.
Digital reconstruction and analysis of SU neurons from serial EM In order to reconstruct the SU neurons, we used a serial transmission electron microscopy (ssTEM) dataset that included the whole nervous system of a first instar larva [52] . Brains of 6-h-old female larvae were dissected and fixed in a solution containing 2% glutaraldehyde and 2% OsO4 in 0.1 M sodium cacodylate buffer (pH 7.4). Samples in solution were microwaved at 350-W, 375-W and 400-W pulses for 30 s each, separated by 60 s pauses. Samples were transferred into a new fixing solution that resembled the one above, except that the concentration of OsO4 was lowered to 1%. Samples were then subjected to another round of microwaving as described above. Subsequently samples were stained en bloc with 1% uranyl acetate in water while microwaving (350 W for 3x3 30 s with 60 s pauses). Samples were dehydrated in an ethanol series, transferred to propylene oxide and infiltrated and embedded with EPON resin. Blocks were sectioned using a Leica UC6 ultramicrotome. Sections were imaged semi-automatically with the Leginon software [50] at 3.8 3 3.8 3 50nm on a FEI Spirit BioTWIN TEM (Hillsboro) and assembled using the TrakEM2 package [53] .
Digital reconstructions of neurons used a modified version of CATMAID [54] - [55] , a web-based application. To reconstruct neurons in CATMAID, we first identified neurite bundles corresponding to discrete lineages or sets of lineages, using the recently published atlas of lineage-associated tracts of the first instar larval brain (23) . Lineage by lineage, we then traced axons from the point of entry into the neuropil toward the cell body, which allowed us to unambiguously identify SU neurons. Subsequently we traced SU neuronal axons forward into the neuropil to obtained their full length, including rare short branches and input synapses. For obtaining the area of the nucleus and cytoplasm of a cell, a section at or near the center of the soma was chosen. Subsequently, the length of the longest and shortest radius was obtained by using a tool of CATMAID that gives the radius in nm. The average radius was taken to calculate the area.
QUANTIFICATION AND STATISTICAL ANALYSIS
For the comparison of depth of SU neurons versus differentiated neurons we calculated means for ten representative lineages and used the two-sample t test.
DATA AND SOFTWARE AVAILABILITY
For analysis of confocal image stacks we used the ImageJ/Fiji package that can be downloaded without cost (https://imagej.net/Fiji/ Downloads). Reconstruction of neurons from the serial EM dataset used the software CATMAID as described in [55] .
